Abstract-Reductive (pre)treatment with elemental iron is a potentially useful method for degrading nitramine explosives in water and soil. In the present study, we examined the kinetics, products, and mechanisms of hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) and octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) degradation with elemental iron. Both RDX and HMX were transformed with iron to formaldehyde, , N 2 O, and soluble products. The yields of formaldehyde were relatively constant (71% Ϯ 5%), ϩ NH 4 whereas the yields of and N 2 O varied, depending on the nitramine and the mechanism. The reactions most likely were controlled ϩ NH 4 by a surface process rather than by external mass transfer. Methylenedinitramine (MDNA) was an intermediate of both RDX and HMX and was transformed quantitatively to formaldehyde with iron. However, product distributions and kinetic modeling results suggest that MDNA represented a minor reaction path and accounted for only 30% of the RDX reacted and 14% of the formaldehyde produced. Additional experiments showed that RDX reduction with elemental iron could be mediated by graphite and Fe 2ϩ sorbed to magnetite, as demonstrated previously for nitroaromatics and nitrate esters. Methylenedinitramine was degraded primarily through reduction in the presence of elemental iron, because its hydrolysis was slow compared to its reactions with elemental iron and surface-bound Fe 2ϩ . Our results show that in a cast iron-water system, RDX may be transformed via multiple mechanisms involving different reaction paths and reaction sites.
Hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX; C 3 H 6 N 3 (NO 2 ) 3 ) and octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX; C 4 H 8 N 4 (NO 2 ) 4 ) are military explosives that were widely used during the 20th century [1] . These heterocyclic nitramines are of environmental concern, because they have been found in soil (and, occasionally, in groundwater) near explosives-manufacturing plants and military bases [2, 3] . They are also major constituents in munitions-manufacturing wastewater [4] . Hexahydro-1,3,5-trinitro-1,3,5-triazine is toxic to organisms, including algae, fish, rats, and humans [5] [6] [7] [8] [9] . Octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine has subchronic toxicity to rats and mice and chronic toxicity to microbes [6, 10, 11] , although its toxicity to humans is not yet clearly established. The U.S. Environmental Protection Agency categorized RDX as a possible human carcinogen (class C), whereas HMX was not classifiable (class D) [12, 13] . Both RDX and HMX are major components in pink water (i.e., explosive-laden wastewater from ammunition-manufacturing plants) [4] . Because of their toxicity, these compounds need to be removed from pink water before discharge.
To date, granular activated carbon (GAC) adsorption has been the technology of choice for pink-water treatment in U.S. Army ammunition plants [4] . The GAC process for pink water treatment is rather expensive, both because it is not destructive and because additional treatment is necessary to regenerate spent GAC and to degrade the adsorbed energetic compounds. In an effort to develop a cost-effective technology for pink-* To whom correspondence may be addressed (pei@ce.udel.edu).
water treatment, several chemical and biological processes have been proposed. Heilmann et al. [14] showed that alkaline hydrolysis was effective in degrading RDX to acetate, formate, formaldehyde, , NH 3 , N 2 O, and N 2 , which when combined Ϫ NO 2 accounted for 94% of the initial carbon and 90% of the nitrogen, respectively. Balakrishnan et al. [15] reported that 4-nitro-2,4-diazabutanal (OHCNHCH 2 NHNO 2 ) was an intermediate in alkaline hydrolysis of RDX and HMX. However, alkaline hydrolysis may not be a viable option for treating pink water, because it is complex, energy intensive, and expensive [4] . Biological oxidation, such as the conventional activated sludge process, is not effective in treating pink water, because the electron-withdrawing nitro groups in these explosives inhibit oxidative attacks by enzymes [16] . Therefore, many studies have focused on processes that reductively transform the nitro groups to overcome the hindrance to oxidative degradation of these heterocyclic nitramines. These processes include anaerobic biotransformation [17] and chemical reduction [18] [19] [20] [21] [22] [23] [24] [25] [26] .
Degradation of RDX has been observed by many anaerobic microorganisms, including a consortium derived from horse manure [27] , sulfate-reducing bacteria [28] , a nitrate-reducing enrichment [29] , and cell extract of a Clostridium sp. [30] . McCormick et al. [31] reported that RDX was transformed in anaerobic sludge to several products, including hexahydro-1-nitroso-3,5-dinitro-1,3,5-triazine (MNX), hexahydro-1,3-dinitroso-5-nitro-1,3,5-triazine (DNX), hexahydro-1,3,5-trinitroso-1,3,5-triazine (TNX), hydrazine, 1,1-dimethylhydrazine, 1,2-dimethylhydrazine, formaldehyde, and methanol. Those authors proposed an anaerobic biodegradation pathway for RDX that consisted of successive reduction of the nitro groups, cleavage of the nitramine ring, and subsequent degradation of the ringcleavage products. Hawari et al. [32] proposed a modified pathway for the anaerobic biodegradation of RDX in municipal sludge. These authors suggested an additional reaction that involved enzymatic hydrolysis of RDX to ring-cleavage products, methylenedinitramine (MDNA; CH 2 (NH) 2 (NO 2 ) 2 ) and bis(hydroxy-methyl)nitramine (NO 2 N(CH 2 OH) 2 ), which were believed to degrade further to formaldehyde, methanol, formic acid, and N 2 O. Their subsequent study confirmed the formation of MDNA during anaerobic biodegradation of RDX [33] . In two other studies, RDX reduction by a nitrate oxidoreductase produced MDNA, formaldehyde, N 2 O, and [34] , and ϩ NH 4 RDX degradation by strain SCZ-1, a facultative anaerobe isolated from sludge, yielded formaldehyde, methanol, CO 2 , and N 2 O [35] .
The Hawari group also showed that HMX was biodegraded in anaerobic sludge to N 2 O and formaldehyde, which were further converted to N 2 and CO 2 [36] . In that study, mononitroso (1-nitroso-3,5,7-trinitro) and dinitroso (1,3-dinitroso-5,7-dinitro and 1,5-dinitroso-3,7-dinitro) derivatives of HMX and the ring-cleavage products MDNA and bis(hydroxymethyl)nitramine were identified as intermediates. Similar to the biodegradation pathway for RDX, those authors proposed two paths for HMX biodegradation in anaerobic sludge: Successive reduction of nitro groups and the resultant ring cleavage, and direct ring cleavage of HMX and degradation of the ring-cleavage products.
Electrochemical degradation of RDX for pink water treatment also has been investigated; RDX was shown to reduce electrochemically in a pseudo first-order fashion in a benchscale batch reactor [18] . However, the products of RDX were not identified in that study. More recently, Bonin et al. [19] studied electrochemical reduction of RDX in water and showed that formaldehyde (50%) and MDNA (5%) were the final products in the system. Those authors proposed that the reaction pathway involved reduction or hydrolysis of RDX through the mononitroso and hydroxylamine derivatives to MDNA, formaldehyde, and nitramide (NH 2 NO 2 ).
In addition to electrochemical reduction, elemental iron has been evaluated as a reducing agent to degrade RDX [20] [21] [22] [23] [24] [25] [26] . Oh et al. [25] studied the transformation of RDX with elemental iron and an anaerobic culture and found that whereas RDX was transformed abiotically with iron, microbial amendment significantly enhanced RDX mineralization. Those authors identified the nitroso intermediates, MDNA, and N 2 O as RDX degradation products, although the yields of these products were not quantified [25] . Hundal et al. [26] showed that iron pretreatment of RDX increased the mineralization of RDX by Fe(0) and H 2 O 2 . Recent studies in our laboratory have demonstrated that elemental iron could rapidly transform RDX and HMX with concomitant release of [22, 23] and that ϩ NH 4 reductive treatment of these nitramines with iron greatly enhanced the rate and extent of their mineralization in a subsequent Fenton oxidation process [24] .
Most of the reduction intermediates and products of RDX with elemental iron that have been identified to date-MNX, DNX, TNX, MDNA, N 2 O, and [20] [21] [22] [23] [24] [25] -were either not ϩ NH 4 quantified or had very low yields [25] , except for , which ϩ NH 4 accounts for 17.5 to 28.4% of the RDX nitrogen [20, 24] . The major carbonaceous end products of RDX remain to be identified and quantified. In a study of RDX reduction by Fe 2ϩ adsorbed to magnetite, a possible mechanism in elemental iron systems, Gregory et al. [37] reported that formaldehyde and represent 24% of the carbon and 17% of the nitrogen in ϩ NH 4 RDX after one year of reaction. Balakrishnan et al. [38] recently showed that CL-20, an emerging polycyclic nitramine explosive and structural analogue of RDX and HMX, was reductively transformed with elemental iron to formate (6.8%), glyoxal (CHO-CHO, 12.1%), glycorate (HOCH 2 COO Ϫ , 13.5%), N 2 O (ϳ10%), and (ϳ50%) as end products. How-ϩ NH 4 ever, the reduction products of RDX with iron likely are different [38] , because unlike CL-20, RDX does not contain C-C bonds. As for HMX, although it is expected to transform rapidly with elemental iron as RDX and CL-20 do, few studies have been performed [23] , and reduction products of HMX remain largely unknown.
The present study was conducted to determine the yields of the major reduction end products of RDX, HMX, and MDNA with elemental iron and to gain insights regarding the reaction mechanisms and pathways. In addition to quantifying the degradation products of these nitramine compounds, we also investigated the possible roles of graphite and surfacebound Fe 2ϩ and the importance of MDNA as an intermediate in RDX degradation with elemental iron.
MATERIALS AND METHODS

Chemicals
Both RDX (Ͼ99%) and HMX (Ͼ99%) were provided by Holston Army ammunition plant (Kingsport, TN, USA). Methylenedinitramine (Ͼ99%) was purchased from SRI International (Menlo Park, CA, USA). Formaldehyde (HCHO, Ͼ99.8%) and HEPES [N-(2-hydroxyethyl)piperazine-NЈ-ethanesulfonic acid, Ͼ99%] were purchased from Sigma (St. Louis, MO, USA). Nitrous oxide (99%) and acetonitrile (highperformance liquid chromatography [HPLC] grade) were obtained from Aldrich (Milwaukee, WI, USA).
The elemental iron used in the present study was obtained from Master Builders (Aurora, OH, USA) and was used without pretreatment. Master Builders iron has been characterized previously in a number of studies [39] [40] [41] [42] [43] . The particular batch of Master Builders iron used in the present study had a surface area of 1.29 m 2 /g as measured by the Brunauer-Emmett-Teller (BET) adsorption method with N 2 . Graphite sheets (Ͼ98%; thickness, 0.38 mm) were purchased from SGL Carbon (Wiesbaden, Germany). Dialysis cells, each having a capacity of 10 ml, were obtained from Bell-Art (Pequannock, NJ, USA). High-purity iron powder (Ͻ10 m, Ͼ99.5%) was purchased from Alfa Aesar (Ward Hill, MA, USA). Magnetite (Ishpeming, MI, USA) was acquired from Ward's Geology (Rochester, NY, USA). The magnetite chips were pulverized and sieved to obtain fine particles (diameter, Ͻ150 m). The specific surface area of the magnetite powder was 0.56 Ϯ 0.02 m 2 /g, as determined by the BET method with N 2 [44] . Ferrous chloride (FeCl 2 ·4H 2 O, 99%) was purchased from Aldrich.
Batch reduction experiments with elemental iron
The procedures and conditions for the batch reduction experiments have been described in detail previously [22, 44] . All experiments involving sealed batch reactors were performed in a glove bag (I 2 R, Cheltenham, PA, USA) under argon. Replicate 8-ml borosilicate vials were set up, each of which held 5 ml of a solution containing the test compound and 0.1 g of cast iron, corresponding to 25.8 msolution was maintained at 7.4 using 0.1 M HEPES buffer. The initial concentrations of RDX and HMX were 0.176 Ϯ 0.005 mM and 0.020 Ϯ 0.001 mM, respectively. Mininert valves (VICI Precision Sampling, Baton Rouge, LA, USA) and low-permeability vinyl tape (Scotch Brand 471; 3M, St. Paul, MN, USA) were used to seal the vials. A leak test conducted using N 2 O showed that the vials so sealed remained leak-tight for more than 5 d. The vials were shaken at 100 rpm in a horizontal position on the platform of a rotary shaker in the glove bag. At different elapsed times, two replicates were sacrificed for analyses. The gas phase of each vial was sampled using a gas-tight syringe (VICI Precision Sampling) through the Mininert valve, and the sample was analyzed using a gas chromatograph (GC) equipped with an electron-capture or mass-selective detector. Immediately after gas sampling, aqueous samples were taken from each vial and passed through a 0.22-m cellulose filter (Millipore, Bedford, MA, USA) for analytical determination of RDX or HMX, MDNA, formaldehyde, and
. Batch experiments also were performed to ϩ NH 4 study the transformation of MDNA, an intermediate during the reduction of RDX and HMX with cast iron. These experiments were conducted under identical conditions with an initial MDNA concentration of 0.127 Ϯ 0.001 mM.
RDX reduction in dialysis cells with graphite
Procedures for the dialysis cell experiments with a graphite sheet have been described in detail previously [43, 44] . Dialysis cells were prepared in replicates in an anaerobic glove box (95% N 2 ϩ 5% H 2 ; Coy Laboratory, Grass Lake, MI, USA). The two 5-ml compartments of each cell were separated by a graphite sheet. A leak-tight seal between the graphite sheet and the two compartments was achieved using two-sided tape and stainless-steel screws. One compartment was filled with high-purity iron powder (ϳ32 g) and 0.1 M deoxygenated HEPES buffer, and the other compartment contained 4 ml of RDX solution in deoxygenated, deionized water (0.171 Ϯ 0.001 mM). The dialysis cells were placed on an orbital shaker at 60 rpm in the glove box. At different reaction times, a pair of cells were sacrificed for analytical determination of RDX and its daughter products. Molecules sorbed to the graphite sheet were extracted using 2 ml of acetonitrile. Additional acetonitrile extractions of the graphite sheet did not recover any RDX and its products.
RDX reduction by Fe 2ϩ adsorbed to magnetite
The procedures of the batch reduction experiments with Fe 2ϩ adsorbed to magnetite have been described in detail previously [44] . Batch experiments were performed in the glove box using 250-ml flasks, each containing 20 ml of 0.1 M deoxygenated HEPES buffer (pH 7.4). After addition of 1.0 g of magnetite powder and 0.1 g (0.5 mmol) of FeCl 2 ·4H 2 O, the content was vigorously mixed for 3 h using a magnetic stirrer to allow adsorption of dissolved Fe 2ϩ to magnetite surface. Reaction was initiated by adding 80 ml of deoxygenated RDX solution in HEPES buffer to the flask. For all replicates, the initial concentrations of RDX in the 100-ml solution were between 0.173 Ϯ 0.004 and 0.183 Ϯ 0.001 mM. The solution was then stirred continuously at a rate of 950 Ϯ 50 rpm, as determined using a tachometer. At different reaction times, a 1.5-ml aliquot was withdrawn and passed through a 0.22-m, mixed-cellulose filter before analysis. Controls were set up under identical conditions, except either Fe 2ϩ or magnetite was omitted. For the Fe 2ϩ -only control (no magnetite), care was taken to remove dissolved oxygen and ferric species completely through repeated filtration in the glove box to prevent a potential false-positive result [44] .
Analytical determinations
We measured RDX, HMX, and MDNA using a Varian HPLC (Walnut Creek, CA, USA) equipped with a Supelguard guard column (length, 20 mm; inner diameter, 4.6 mm; Supelco, Bellefonte, PA, USA), a Supelco LC-18 column (length, 250 mm; inner diameter, 4.6 mm; film thickness, 5 m), an ultraviolet (UV) detector (Varian 2510), and an isocratic pump (Varian 2550). Methanol-water mixture (55:45, v/v) was used as the mobile phase at a flow rate of 1.0 ml/min. The injection volume for all samples was 10 l, and the wavelength for the UV detector was 254 nm. Concentrations of formaldehyde were determined using HPLC through derivatization with Nash's reagent (0.02 M of 2,4-pentanedione and 2 M of ammonium acetate, pH 6) [45] . One milliliter of aqueous formaldehyde sample was derivatized with 1 ml of Nash's reagent for 1 h at 60ЊC in a water bath (Precision, Winchester, VA, USA). After the sample cooled to ambient temperature, concentrations of formaldehyde derivative were determined using the Varian HPLC with a UV detector (410 nm). The mixture of acetonitrile and deionized water (40:60, v/v) was used as an eluent at a flow rate of 1.0 ml/min. The same procedure was applied to formaldehyde standards in deionized water for construction of a calibration curve (r 2 ϭ 0.999). The was ϩ NH 4 quantified by the salicylate method [46] using a UV-visible spectrophotometer (DR2010; Hach, Loveland, CO, USA).
The N 2 O was measured using a GC (HP5890; HewlettPackard, Palo Alto, CA, USA) equipped with a Ultra-2 capillary column (length, 25 m; inner diameter, 0.2 mm; film thickness, 0.33 m; J&W Scientific, Folsom, CA, USA) and an electron-capture detector. The injection volume of each gas sample was 50 l, and the oven temperature was 60ЊC. Nitrogen was the carrier gas. The calibration curve for N 2 O was obtained by injecting different amounts of N 2 O gas into the headspace of sealed, 8-ml vials containing 5 ml of 0.1 M HEPES and 0.1 g of cast iron. Nitrous oxide was stable in the presence of iron, as reported elsewhere [38] . Mass spectrometric data of gas samples were obtained using a GC (6890; Agilent, Palo Alto, CA, USA) with a capillary column (122-0732; length, 30 m; inner diameter, 0.25 mm; film thickness, 0.25 m; Agilent) and a mass-selective detector (5973N; Agilent). The carrier gas was helium, and the injection volume was 50 l. The analysis was performed under the full-scan mode using the following temperature program: 40ЊC for 1 min, an increase at 23.75ЊC/min to 230ЊC, and then 230ЊC for 1 min.
RESULTS AND DISCUSSION
RDX reduction with iron
Similar to our previous results [22] , RDX was removed completely from solution within 3 h in batch reactors containing 0.1 g of iron (Fig. 1) . A pseudo-first order rate constant was estimated to be 0.016 Ϯ 0.003 per minute (r 2 ϭ 0.962), and the corresponding BET surface area-normalized rate constant was (3.60 Ϯ 0.64) ϫ 10 Ϫ2 L/m 2 /h. This value is comparable to that for Fisher iron filings (ϳ10 Ϫ2 L/m 2 /h) calculated by Alowitz and Scherer [47] using the data from Singh et al. [20] . This rate constant is also similar to that we observed previously ((3.00 Ϯ 0.11) ϫ 10 Ϫ2 L/m 2 /h, r 2 ϭ 0.999) using a 10-fold higher iron BET surface area concentration (258 m 2 /L) [22] , indicating that iron content from 1.0 to 1.0 g did not affect the degradation rate constant of RDX.
We compared this rate constant to the external mass transfer rate constant estimated using the method described by Arnold et al. [48] . Using an assumed average iron particle diameter of 0.5 mm, a particle density of 6,000 kg/m 3 , and an estimated diffusion coefficient of 5 ϫ 10 Ϫ10 m 2 /s for RDX in water [49] , the external mass transfer rate constant was calculated to be 0.74 per minute, or more than 40-fold greater than the pseudofirst order degradation rate constant of RDX. This suggests that external mass transfer was not the rate-limiting step in our batch system and that a surface process, such as adsorption or chemical reaction, probably controlled the overall rate of RDX degradation.
As RDX in solution disappeared, MDNA was formed, then subsequently degraded, indicating that MDNA was a reactive intermediate (Fig. 1) . The maximum amount of MDNA was 0.143 mol, which corresponds to only 16.3% of the initial amount of RDX (0.878 mol). This suggests that either MDNA degradation with elemental iron was rapid or only a relatively small fraction of RDX reacted via MDNA as an intermediate. The reductive transformation of MDNA with iron will be discussed later. Formaldehyde was the major carbonaceous product of RDX. Its formation concurred with RDX disappearance and plateaued when RDX was depleted. The observation that formaldehyde production mirrored RDX removal without an apparent lag suggests that the major precursors of formaldehyde were highly reactive intermediates. The final yield of formaldehyde was 1.79 mol, corresponding to 68% of the initial RDX carbon. As confirmed by a separate control experiment, formaldehyde was stable in the presence of iron in HEPES buffer (data not shown). Therefore, conversion of formaldehyde to formate and methanol observed during RDX biodegradation [32] most likely was microbially mediated. The GC-mass spectrometry of headspace samples from the reactors did not indicate the presence of any volatile carbonaceous products of RDX.
The dominant nitrogenous end products in RDX reduction with iron were and N 2 O (Fig. 1) . [38] reported that for the reductive degradation of the polycyclic nitramine CL-20, accounted for only less than 10%, whereas N 2 O ϩ NH 4 accounted for approximately 40%, of the nitrogen in CL-20. Those authors also detected N 2 but did not quantify it. However, GC-mass spectrometry of argon headspace samples taken at the end of RDX reduction suggests that N 2 was not formed. It therefore appears that a significant portion of RDX reduction products (32.1% of carbon and 51.9% of nitrogen) was water-soluble, possibly including nitramide [19] , hydrazine [31] , dimethylhydrazine [31] , or 4-nitro-2,4-diazautanal (OHCNHCH 2 NHNO 2 ), a product of RDX biotransformation by Rhodococcus sp. strain DN22 and Phanerochaete chrysosporium [50, 51] and an intermediate in RDX alkaline hydrolysis [15] . These compounds were not monitored in the present study because of a lack of standards or instrumental capability. We also did not measure MNX, DNX, or TNX. Although these nitroso congeners [20, 25, 32, 34, 37] , when combined, may account for between 5% [25] and 26% [20] of the initial RDX, they are reactive intermediates and, thus, are unlikely to affect the final mass balance.
HMX reduction with iron
Similar to RDX, HMX disappeared completely within 3 h from the aqueous solution containing iron (Fig. 2) . The surface area-normalized, pseudo-first order rate constant for HMX removal was ϩ NH 4 higher than the carbon and nitrogen recoveries, respectively, from the 8-ml reactors. The GC-mass spectrometry of the headspace samples did not show CO, N 2 , or other possible gaseous products. Soluble products, such as nitramide and 4-nitro-2,4-diazautanal [52] , might have accounted for the missing mass, although this could not be confirmed.
MDNA reduction with iron
Because MDNA has been found to be an intermediate in RDX and HMX reduction with iron, both in the present study and elsewhere [25] , we examined its transformation separately to better understand its importance in RDX and HMX reduction. The Hawari group [32] [33] [34] 36] proposed that MDNA may decompose abiotically through nitramide to formaldehyde and N 2 O during biotransformation of RDX and HMX. In the presence of iron, MDNA disappeared from the HEPES buffer solution within 6 h, with concomitant formation of formaldehyde, N 2 O, and (Fig. 3) . The surface area-normalized, ϩ NH 4 pseudo-first order rate constant for MDNA was (1.79 Ϯ 0.31) ϫ 10 Ϫ2 L/m 2 /h (r 2 ϭ 0.958), indicating that MDNA reacted more slowly than RDX and HMX. In contrast to the reactions of RDX and HMX, the carbon in MDNA was almost completely recovered as formaldehyde (0.625 Ϯ 0.002 mol, or 98.4%), as was reported for MDNA hydrolysis at neutral pH [33] . However, the yields of nitrogenous products were different. The nitrogen recoveries as N 2 O and were only ϩ NH 4 0.552 and 0.268 mol, respectively, corresponding to 21.7 and 10.6%, respectively, of the initial nitrogen. This nitrogen recovery (32.3%) is significantly lower than the N 2 O yield of 83% in MDNA hydrolysis [33] . This suggests either that the formation of N 2 O from nitramide (a proposed intermediate product in MDNA hydrolysis and precursor of N 2 O) was slow [53, 54] or that MDNA was not degraded via hydrolysis in the presence of elemental iron. A control experiment without iron shows that only approximately 10% of MDNA disappeared (Fig. 3) because of hydrolysis in HEPES buffer over 6 h. The pseudo-first order rate constant for MDNA hydrolysis under these conditions was (2.88 Ϯ 0.50) ϫ 10 Ϫ4 per minute, corresponding to a half-life of 1.7 d. This indicates that hydrolysis was not important and that MDNA was degraded mainly via reaction with iron.
In contrast to the transformation of RDX and HMX with elemental iron (Figs. 1 and 2) , N 2 O was the more dominant product of MDNA compared to . In addition, the con-ϩ NH 4 version of MDNA to formaldehyde was quantitative. These observations suggest that MDNA was not a dominant intermediate. That is, reduction of RDX and HMX with iron probably occurred through multiple paths, and only one or some of these paths involved MDNA. Whereas the path (or paths) involving MDNA yielded more formaldehyde and N 2 O, the other reaction path (or paths) produced more and other ϩ NH 4 unidentified end products. According to anaerobic biological and electrochemical degradation studies [19, [32] [33] [34] , the reductive transformation of RDX may occur via three possible paths: (1) Direct ring cleavage of RDX → MDNA and bisnitramine → end products, (2) reduction of a nitro group of RDX → ring cleavage of MNX or hydroxylamine derivatives → MDNA ϩ other intermediates → end products, and (3) sequential reduction or denitration of the N-nitro groups of RDX → ring cleavage of DNX and TNX → end products. In the first and second paths, high carbon mass balance was observed or proposed as formaldehyde and its degradation products, such as formate or methanol. Hence, the different end product distributions for RDX, HMX, and MDNA suggest that the third path (and, possibly, other unidentified reaction paths), not involving MDNA, may be responsible for the incomplete carbon balance in RDX and HMX reduction with elemental iron.
We attempted to assess the importance of MDNA as an intermediate in RDX reduction with iron by assuming that RDX reacts through two parallel paths:
ϩ nitrogenous end products, and
where k 1 , k 2 , and k 3 are first-order rate constants. In this simplified pathway, path a includes the first and second paths that involve MDNA, whereas path b represents the third path and, possibly, other reactions that do not involve MDNA. Note that the apparent rate constant for RDX degradation is (k 1 ϩ k 3 ) . The MDNA data in Figure 1 can then be fitted to Equation 1, which was derived based on the proposed pathway above. Through least-square fitting using the Scientist TM software (MicroMath; Salt Lake City, UT, USA), the rate constants (k 1 ϩ k 3 ) and k 2 obtained from data in Figures 1 and 3 were 0.016 and 0.0077 per minute, respectively, and the best-fit k 1 value was 0.0044 Ϯ 0.0004 per minute (r 2 ϭ 0.903): or 14% of the initial RDX, which agrees well with the data in Figure 1 . Based on this result, the portion of RDX degraded via MDNA as an intermediate can be taken as k 1 /(k 1 ϩ k 3 ) ϭ 0.28 Ϯ 0.02. This suggests that only approximately 30% of the total RDX was transformed through MDNA, whereas most of the RDX reacted through reactions that do not involve MDNA (e.g., sequential reduction and/or denitration of the Nnitro groups before ring cleavage). Because MDNA was converted to formaldehyde almost quantitatively, it could be estimated that only approximately 14% of total formaldehyde was produced through MDNA. This is consistent with our earlier finding that the major precursors of formaldehyde were highly reactive intermediates rather than MDNA.
Graphite-mediated reduction of RDX
We have shown in previous studies that reduction of nitroaromatic compounds [43] and nitrate esters [44] can be mediated by graphite that is in contact with elemental iron. This mechanism may be involved in contaminant transformation with commercial cast iron that contains graphite at a few percent by weight. A recent modeling study by Jafarpour et al. [55] estimated, based on the different intermediate distributions with high-purity iron versus cast iron, that approximately 66% of 2,4-dinitrotoluene reduced with cast iron may be reduced at the surface of exposed graphite.
In the present study, we tested whether RDX reduction with iron could be mediated by graphite using two-compartment dialysis cells [43] . Briefly, one compartment was filled with elemental iron powder in HEPES buffer, whereas the other compartment contained RDX in deionized water. The two compartments were separated by a graphite film that was impervious to water and ions. As shown in Figure 4 , RDX was completely transformed within 24 h, whereas formaldehyde, MDNA, and were produced. Methylenedinitramine was ϩ NH 4 an intermediate that accumulated up to 0.266 mol (at 5 h) and then slowly disappeared over 72 h. Formaldehyde formation mirrored RDX disappearance and plateaued as RDX and MDNA were depleted. The final carbon recovery as formaldehyde (1.44 mol) was 70.0%, which is similar to that in the RDX reaction with iron (Fig. 1) Figure 1 . However, whether the yield would have con-ϩ NH 4 tinued to increase to this level if the batch RDX experiment with iron had been prolonged is unknown. Because the dialysis cell was not a closed system, we could not analyze for N 2 O or other volatile products from graphite-mediated RDX reduction. The result indicates that RDX reduction with elemental iron can be mediated by graphite, as demonstrated previously for nitroaromatics and nitrate esters [43, 44] . The graphite-mediated transformation may be one of the mechanisms involved in the reductive degradation of nitramine explosives with commercial cast iron.
Reduction by Fe 2ϩ adsorbed to magnetite
Another possible mechanism for pollutant degradation in iron-water systems is reduction by ferrous ion adsorbed to iron oxides, such as magnetite. The importance of this mechanism in natural and engineered systems has been recognized in recent years and demonstrated for a wide range of contaminants, including nitroaromatics [56] [57] [58] , polyhalomethanes [59, 60] , nitrate esters [44] , nitrite [44, 61] , and RDX [37] . Gregory et al. [37] reported that RDX was reduced by Fe Consistent with the result of Gregory et al. [37] , we observed little disappearance of RDX with magnetite or Fe 2ϩ alone but rapid reduction of RDX in the presence of both (Fig.  5) . In fact, RDX was degraded in a first-order manner (rate constant ϭ 0.109 Ϯ 0.002 per minute, r 2 ϭ 0.999), and form- aldehyde, , and MDNA were produced concurrently. ϩ NH 4 Methylenedinitramine was subsequently degraded. Through least-square fitting of the MDNA data in Figure 5 to Equation 1, we estimated that MDNA was degraded at a rate of 0.0076 Ϯ 0.0006 per minute (r 2 ϭ 0.991). This rate constant is more than 25-fold greater than that for MDNA hydrolysis, which strongly suggests that MDNA was transformed mostly by magnetite-bound Fe 2ϩ . The final formaldehyde yield accounted for 69.2% of the RDX carbon, which is similar to the yield observed in both cast iron reactors and dialysis cells with graphite ( Figs. 1 and  4) . In contrast, the final yield was only 11.2% of the ϩ NH 4 RDX nitrogen, which is markedly lower than those in batch reactors (37.6%) and graphite dialysis cells (54.4% [37] ; however, the formaldehyde production in the present study is significantly higher (69.2% vs 24%). We do not have an explanation for this difference, but it may be related to the very different reaction time scales. Whereas the distributions of end products of RDX in cast iron reactors, dialysis cells, and Fe 2ϩ -magnetite reactors are insufficient to discern the relative importance of the graphite and Fe 2ϩ mechanisms in a cast iron-water system, the unvarying yield of formaldehyde (68-70%) and the variable yield (11.2-ϩ NH 4 54.4%) suggest that precursors of formaldehyde might react similarly through all three mechanisms, whereas precursors of presumably reacted via different paths to form different ϩ NH 4 products depending on the mechanism.
CONCLUSION
In conclusion, our results show that RDX, HMX, and MDNA were readily degraded with elemental iron to formaldehyde, N 2 O, , and soluble products. The reactions were ϩ NH 4 probably controlled by a surface process rather than by external mass transport. The reaction mechanisms are complex and may involve multiple paths and different reaction sites. We also estimated the importance of MDNA as a RDX degradation intermediate and formaldehyde precursor through kinetic modeling. The relatively high and invariable (71% Ϯ 5%) formaldehyde yields of RDX and HMX may help to explain the enhanced efficiency of Fenton oxidation through iron pretreatment in our previous studies [23, 24] .
